Electron-irradiation induced phase transformation of amorphous, supercooled liquid and crystalline phases in Zr 66:7 Cu 33:3 alloy was investigated. The amorphous phase and supercooled liquid were not stable under 2.0 MV electron-irradiation, and electron-irradiation induced crystallization occurred. The C11 b -Zr 2 Cu crystalline phase was precipitated from the supercooled liquid phase and the amorphous phase at and above 552 K, while an f.c.c. solid solution was precipitated from the amorphous phase at and below 298 K. Crystal-to-glass or crystal-tosupercooled liquid transition of the C11 b -Zr 2 Cu crystalline phase in Zr 66:7 Cu 33:3 metallic glass was not observed at and above 552 K. Phase stability of crystalline phases against electron-irradiation is a dominant factor for phase selection in electron-irradiation induced crystallization of Zr 66:7 Cu 33:3 metallic glass. [
Introduction
Metallic amorphous formation can be achieved by two fundamentally different processes: the thermal process and the mechanical process. The thermal process means liquidto-glass (L-G) transition by liquid quenching (LQ). Crystalto-glass (C-G) transition is induced by solid-state amorphization (SSA) using the mechanical process below the glass transition temperature (T g ). The C-G transition is induced by various methods such as electron-irradiation, severe deformation, mechanical milling, hydrogen-absorption, interdiffusion between multi-layers and so on. Among many C-G transition processes, electron-irradiation is an attractive method because in situ observation is possible. There is no oxidation, no change in chemical composition and no contamination during C-G transition. 1, 2) As shown in Table 1 , several experimental results of electron-irradiation induced C-G transition in Zr-based intermetallic compounds have been reported. This method is effective to introduce C-G transition in Zr-based intermetallic compounds.
In contrast, little attention has been given to the electronirradiation induced crystallization behavior although this is effective in obtaining a controlled nanocrystalline structure. For example, electron-irradiation can induce nano-crystallization in alloys which nanostructure cannot be easily realized by thermal annealing, metastable phase formation and unique phase selection. [5] [6] [7] [8] [9] The formation of crystallographically orientated nanocrystals under focused ion beam (FIB) irradiation was reported. 10) Metallic glasses are known to show glass-to-liquid (G-L) transition and a supercooled liquid region can be maintained above the glass transition temperature (T g ). Table 2 shows the results of electron-irradiation induced crystallization in Zr-based metallic glasses reported to date. This irradiation can introduce not only C-G transition but also glass-to-crystal (G-C) transition in Zr-based alloys. [12] [13] [14] [15] [16] One can notice that the irradiation temperature was limited to the range between 103 and 298 K in the previous work. There are no data about electron-irradiation in metallic glasses at the temperature above T g . In the present study, electron-irradiation was performed on supercooled liquid above T g , amorphous phase and thermal equilibrium crystalline phase of C11 b -Zr 2 Cu in Zr 66:7 Cu 33:3 alloy. This is the first report of electronirradiation induced crystal-to-supercooled liquid (C-SCL) and/or supercooled liquid-to-crystal (SCL-C) transition in metallic materials.
Experimental Procedure
A master ingot of Zr 66:7 Cu 33:3 (at%) alloy was prepared by arc melting under highly purified Ar atmosphere. Rapidly quenched ribbon was produced from the ingot by a single roller melt-spinning method at a roll surface velocity of 42 ms À1 in this atmosphere. Amorphous single phase with no crystallinity was confirmed by X-ray diffraction (XRD) pattern, transmission electron microscopy (TEM) observation and high resolution transmission electron microscopy (HREM) image. [12] [13] [14] Thermal properties were evaluated by conventional DSC measurement at a heating rate of 0.67 K s À1 and a kinetic map. Thermal equilibrium crystalline phase of C11 b -Zr 2 Cu was obtained by thermal annealing of melt-spun ribbon at 593 K for 2:0 Â 10 4 s in a vacuum. Thin foils for electron-irradiation were prepared from the ribbon by twin jet polishing in a solution of 30% nitric acid and 70% methanol at about 243 K. The foils were electron irradiated by an ultra-high voltage electron microscope (UHVEM) H-3000 operating at an acceleration voltage of 2.0 MV. Electron-irradiation was performed at 552 K, 602 K and 635 K. The applied dose rate was chosen to be between 2:8 Â 10 24 and 3:0 Â 10 24 m À2 s À1 for an amorphous phase and supercooled liquid, while C11 b -Zr 2 Cu crystalline phase was irradiated at the dose rate between 8:0 Â 10 24 and 9:7 Â 10 24 m À2 s À1 . Changes in the bright field (BF) images and selected area diffraction (SAD) patterns during electronirradiation were observed in situ by UHVEM at 2.0 MV. Additional electron-irradiation during in situ TEM observation can be neglected because of the low dose rate. Structure of the ribbon was also examined by X-ray diffractometry Temp.: Temperature A.V.: Acceleration voltage C-G: Crystal-to-Glass Ã: Unpublished work Table 2 Electron-irradiation induced glass-to-crystal (G-C) transition and difference in phase selection between electron-irradiation induced crystallization and thermal crystallization in various Zr-based metallic glasses. Figure 1 (a) shows a DSC curve of the melt-spun amorphous specimen at a heating rate of 0.67 K s À1 . The curve shows an anomalous endothermic reaction corresponding to glass-to-liquid transition at T g . The supercooled liquid state was maintained over a wide temperature range (ÁT x ¼ T x À T g ), and then thermal crystallization started at T x . A single exothermic peak indicates that thermal crystallization of this phase occurs with a single step: the thermal equilibrium C11 b -Zr 2 Cu crystalline phase directly forms from the supercooled liquid. [12] [13] [14] The T g and T x are sensitive to the heating rate. Figure 1 (b) shows the kinetic map of melt-spun Zr 66:7 Cu 33:3 metallic glass. Both T x and T g decreases with decreasing the heating rate. The degree of decrease in T x is higher than that in T g , resulting in the intersection of two extrapolated curves of the least-squares fit lines at the critical heating rate. According to the previous excellent articles, 2, 17) the intersection temperature (T C ) can be considered to be corresponding to the ideal glass transition temperature (T K ). The T C , T g , T x and ÁT x were 574 K, 614 K, 668 K and 54 K, receptively. Figure 1(c) shows a time-temperature-transformation (TTT) diagram of melt-spun Zr 66:7 Cu 33:3 metallic glass constructed by isothermal annealing in a DSC furnace in an Ar atmosphere. Electron-irradiation was performed at 552 K, 614 K and 635 K, and the irradiation temperature is indicated by arrows in the figure. It should be noticed that there is an extremely wide supercooled liquid region above T g ; Zr 66:7 Cu 33:3 metallic glass can maintain the supercooled liquid state for a prolonged interval reaching about 1:0 Â 10 3 s just above T g . The onset time of crystallization of supercooled liquid was about 300 s at 635 K, and that of an amorphous phase was 3:2 Â 10 3 s at 614 K and 5:0 Â 10 4 s at 552 K, respectively. To examine the change in microstructure of supercooled liquid during thermal crystallization, partially and fully crystallized specimens were prepared by thermal annealing in an evacuated quartz capsule at 633 K for 500 s or 1:0 Â 10 3 s. TEM observation was performed not by in situ UHVEM observation but by a conventional TEM operating at 300 kV at 298 K. Change in TEM microstructures and corresponding SAD patterns of supercooled liquid are shown in Fig. 2 . Only featureless contrast is observed over the entire BF image for the melt-spun alloy together with halo rings without spotty diffraction in Fig. 2(a) . The melt-spun alloy is composed of an amorphous single phase. In Fig. 2(b) , C11 b -Zr 2 Cu precipitates with average grain size of 2 mm are formed in the amorphous matrix. Smooth interface between the precipitates and the amorphous matrix can be seen. In the other words, typical ruggedness of the interface such as a dendritic mode between the precipitates and the amorphous matrix can not be seen. There is no development of the perturbation of the growth interface based on constitutional undercooling. The precipitation of C11 b -Zr 2 Cu crystalline phase can be considered to be the polymorphic mode with little redistribution of solute elements at the interface. The fully crystallized structure with coarse grained C11 b -Zr 2 Cu precipitates is shown in Fig. 2(c) . There is no significant difference in thermal crystallization behavior such as phase selection, nucleation and crystal growth mode or coarse polycrystalline structure formation between the supercooled liquid and amorphous phase. [12] [13] [14] 3.2 Electron-irradiation to amorphous phase and supercooled liquid Figure 3 shows change in BF image and corresponding SAD patterns of supercooled liquid during 2.0 MV electronirradiation (d, e, f) at 635 K, together with the non-irradiated specimen with the same heating profile (a, b, c). In situ TEM observation was performed by UHVEM at 2.0 MV. Before irradiation (a) and at irradiation for 15 s (d), supercooled liquid observed at 635 K shows only featureless contrast over the entire BF image and only of broad halo rings similar to the amorphous phase in Fig. 2(a) . After 45 s (b, e), spherical precipitates appeared in the supercooled liquid. Crystalline diffraction spots can be seen together with broad halo rings. It should be noticed that the quantity of crystalline precipitates in the irradiated specimen is larger than that in the nonirradiated specimen. After 600 s (c, f), the crystallization ratio in the specimen irradiated at the total dose of 2:6 Â 10 27 m À2 is much larger than that of the non-irradiated one. This result indicates that supercooled liquid cannot maintain their original structure under electron-irradiation and that electron-irradiation promotes the crystallization of the supercooled liquid phase. Electron-irradiation induced crystallization seems to occur in the nucleation and growth process as in thermal crystallization. Nano crystalline structure was not obtained during electron-irradiation on supercooled liquid. The grain size obtained by electron-irradiation induced crystallization is much smaller than that by thermal crystallization as shown in Fig. 2(b) and (c). Although the quantity of precipitates increases with increase in total dose, there is no significant change in the average grain size. Electronirradiation, in fact, promotes frequency of nucleation of crystalline precipitates from supercooled liquid rather than promoting their growth rate. This is the first observation of electron-irradiation induced SCL-C transition in metallic materials. Figure 4 shows TEM microstructures and corresponding SAD patterns of supercooled liquid irradiated at 635 K for 600 s at the total dose of 2:7 Â 10 27 m À2 (a), amorphous phase electron irradiated at 602 K for 600 s at the total dose of 2:7 Â 10 27 m À2 (b) and 552 K for 1:2 Â 10 3 s at 6:0 Â 10 27 m À2 (c), together with the data of electron irradiated at 298 K for 600 s at 1:1 Â 10 27 m À2 (d). [12] [13] [14] In all specimens, the BF image shows a duplex structure of crystalline precipitates and amorphous phase or supercooled-liquid matrix. SAD pattern shows broad halo rings accompanied with diffraction spots and/or Debye rings. Electron-irradiation induced crystallization occurs not only in supercooled liquid at 635 K but also in an amorphous phase in a wide temperature range between 298 K and 602 K. The grain size of precipitates obtained by electron-irradiation induced crystallization of supercooled liquid at 635 K (a) is similar to that of amorphous phase at 602 K (b). The grain size of precipitates formed from an amorphous phase decreases with decreasing irradiation temperature. The grain size of precipitates obtained by electron-irradiation induced crystallization decreases with decreasing irradiation temperature.
Results

Thermal properties and thermal crystallization behavior
To investigate electron-irradiation induced crystallization behavior, the intensity profile of SAD patterns during electron-irradiation was analyzed using a PICTRO STAT DIGITAL 400 image analyzer. Figure 5 (a) shows change in electron diffraction profile of supercooled liquid during electron-irradiation. The supercooled liquid before electronirradiation shows only a broad halo peak; after irradiation at the total dose of 5:2 Â 10 26 m À2 , some diffraction peaks appear. With further electron-irradiation, the intensity of diffraction peaks increases while the intensity of broad peaks decreases. The number of diffraction peaks increases with increase in total dose. The precipitated crystalline phase is identified as C11 b -Zr 2 Cu phase from the position of the diffraction peaks. There is no difference in crystalline structure between thermal annealing and electron-irradiation in supercooled liquid. Fig. 5(b) shows change in electron diffraction intensity profiles for amorphous or supercooled liquid irradiated at various temperatures. All specimens show diffraction peaks corresponding to the crystalline phase and a broad halo ring corresponding to an amorphous phase or supercooled liquid. At 298 K, f.c.c. solid solution precipitates from an amorphous phase, which is analogous to f.c.c.-Zr 2 Cu crystalline phase formed during mechanical milling. 18) In contrast, f.c.c. solid solution was not observed at and above 552 K and C11 b -Zr 2 Cu phase precipitated under electronirradiation. The T g and T C do not directly affect the phase selection in electron-irradiation induced crystallization. Formation of f.c.c.-solid solution during electron-irradiation induced crystallization of an amorphous phase was reported Table 2 .
3.3 Effect of electron-irradiation on thermal equilibrium C11 b -Zr 2 Cu crystalline phase The electron-irradiation can introduce SCL-C transition in Zr 66:7 Cu 33:3 metallic glass. In this section, the occurrence of electron-irradiation induced C-SCL transition was examined in C11 b -Zr 2 Cu crystalline phase. Figure 6 shows change in TEM microstructures and corresponding SAD patterns of C11 b -Zr 2 Cu crystalline phase during 2.0 MV electron-irradiation at 635 K. There is no significant difference in BF image and SAD pattern between the specimen before irradiation (a) and after irradiation at the total dose of 6:4 Â 10 27 m À2 (b). In the SAD pattern, both specimens show a typical sharp diffraction spot corresponding to C11 b -Zr 2 Cu phase and no broad halo rings can be observed. BF images in irradiated specimen shows crystalline contrast and no featureless contrast typical for supercooled liquid can be seen. The slight change in BF image during electronirradiation may be due to the introduction of atomic defects in crystalline phase. Figure 7 shows change in TEM microstructures and corresponding SAD patterns of C11 b -Zr 2 Cu crystalline phase embedded in supercooled liquid during 2.0 MV electronirradiation at 635 K. In the specimen before electronirradiation (a), C11 b -Zr 2 Cu crystalline precipitates were randomly distributed in supercooled liquid. After electronirradiation at the total dose of 6:4 Â 10 27 m À2 , C11 b -Zr 2 Cu phase precipitates from supercooled liquid matrix. The size of crystalline precipitates formed by electron-irradiation induced crystallization is obviously smaller than that by thermal crystallization. One can see that the C11 b -Zr 2 Cu crystalline precipitate indicated by a white arrow grows under electron-irradiation. This indicated that C11 b -Zr 2 Cu crystalline phase embedded in supercooled liquid is stable and can grow under 2.0 MV electron-irradiation. These results show the high phase stability of C11 b -Zr 2 Cu crystalline phase against electron-irradiation which is enough to maintain their original structure at 635 K. The occurrence of electron-irradiation induced C-SCL transition was not observed in Zr 66:7 Cu 33:3 alloy. The C-G transition in C11 b -Zr 2 Cu phase did not occur at 602 K and 552 K. Table 3 shows the data of electron-irradiation to an amorphous phase and supercooled liquid in Zr 66:7 Cu 33:3 metallic glass. The irradiation induced crystallization was observed over a broad temperature range between 103 K and 635 K. There is a difference in phase selection at the temperatures between 298 K and 552 K, while the phase selection was not sensitive to T g and T C in the present study.
Discussion
Electron-irradiation induced crystallization in an amorphous phase and supercooled liquid
Electron-irradiation induced crystallization of an amorphous phase and supercooled liquid occurred in spite of the high phase stability of these phases against thermal crystallization. The electron-irradiation induced crystallization is thought to be controlled by two important factors: (1) atomic diffusion promoted by electron-irradiation and (2) phase stability of a crystalline phase under electron-irradiation. 9, 12) The first factor regarding atomic diffusion can be discussed by the electron knock-on effect. The elastic collision between irradiation electrons and constituent atoms is known to occur in an amorphous phase, crystalline phases and supercooled liquid of metallic materials. The effect of this collision on the constituent atoms is very dependent on the energy of collision electrons, which is proportional to the acceleration voltage. Under electron-irradiation at an acceleration voltage higher than the threshold voltage, dynamic displacement of the constituent atoms, which is called the electron knock-on effect, occurs. Such mechanical atomic displacement promotes atomic diffusion in an amorphous phase, crystalline phases or supercooled liquid. The threshold acceleration voltage for the electron knock-on effect was reported to be 0.4 MV for Cu [19] [20] [21] and 0.6 MV enough for introduction of direct displacement of Zr atoms in crystalline alloys. 22) Although there are no reports on supercooled liquid, amorphous or C11 b -Zr 2 Cu crystalline phases, the present applied voltage of 2.0 MV is apparently high enough for the electron knock-on effect in Zr 66:7 Cu 33:3 alloy. Under 2.0 MV electron-irradiation, atomic diffusion of Zr and Cu atoms is promoted by electron knock-on effect.
The second factor regarding phase stability of a crystalline phase under electron-irradiation can be discussed by the mixing effect. At an acceleration voltage much higher than the threshold value for the electron knock-on effect, the random atomic movement of almost all constituent elements in the irradiated area frequently occurs regardless of the structure, resulting in the mixing of constituent atoms. This phenomenon is called the mixing effect and may be effective in the formation and maintenance of a random structure in an amorphous phase and supercooled liquid. In contrast, the Table 3 Occurrence of electron-irradiation induced crystallization in Zr 66:7 Cu 33:3 metallic glass. The crystallization can by divided into glass-to-crystal (G-C) transition and supercooled liquid-to-crystal (SCL-C) transition.
Irrdiated phase Temp. G-C or SCL-C Phase transformation pass Ref. [K]
transition (Phase transformation) (In Fig. 9 G-C: Glass to crystal SCL-C: Supercooled liquid to crystal ÃÃ: Present work Table 4 Occurrence of electron-irradiation induced crystal-to-glass (C-G) transition and crystal-to-supercooled liquid (C-SCL) transition in Zr 66:7 Cu 33:3 metallic glass.
Irrdiated phase
Temp. C-G or C-SCL Phase transformation pass Ref.
transition (Phase transformation) (In Fig. 9 )
C-G: Crystal-to-glass C-SCL: Crystal-to-supercooled liquid ÃÃ: Present work mixing effect is unfavorable for maintaining the crystalline structure since it destroys the original structure. If the crystalline phase is not able to maintain its original crystalline structure, it will transform to another crystal or random structure phase with a more stable structure under electron-irradiation. Only a crystalline phase which can maintain its original structure under electron-irradiation precipitates from an amorphous phase or supercooled liquid. Table 4 shows the data of electron-irradiation to C11 b -Zr 2 Cu crystalline phase. At and above 552 K, this phase shows high phase stability against electron-irradiation enough to maintain its original structure. In contrast, the C11 b -Zr 2 Cu phase is unstable and transform to an amorphous phase under 2.0 MV electron-irradiation at and below 298 K. The temperature range where C11 b -Zr 2 Cu crystalline phase was precipitated from an amorphous phase and supercooled liquid by thermal annealing is the same as that at which this phase can maintain its original structure under electron-irradiation. At 103 K and 298 K, a f.c.c. solid solution which can maintain its original structure under electron-irradiation was precipitated from an amorphous phase and C11 b -Zr 2 Cu phase does not form.
The electron-irradiation induced crystallization of an amorphous phase and supercooled liquid results from the satisfaction of the above two factors. The phase stability of crystalline phase against electron-irradiation is the dominant factor for phase selection in electron-irradiation induced crystallization.
Thermodynamical model for electron-irradiation
induced phase transformation Electron-irradiation can induce C-G, C-SCL, G-C and SCL-C transitions. In this section, these four type phase transformations are discussed on the basis of a thermodynamical model.
When a material is irradiated with high energy electrons, an elastic collision occurs between these electrons and constituent atoms in the material. In general, the collision energy transformed from the electrons is sufficient to produce only single or at most double atom displacements. 23) Electron-irradiation can induce the phase transformation of crystalline and amorphous phases because atoms in a material are dynamically displaced by an electron knock-on effect under electron-irradiation. C-G transition of SSA by mechanical alloying and irradiation is often explained by the concept of energizing. [24] [25] [26] Electron-irradiation raises the energy of a crystalline phase due to introduction of lattice defects created by the electron knock-on effect. The crystalline phase cannot maintain its original structure under electron-irradiation if production of the defects occurs more frequently than recovery of displaced atoms to their original positions of the atomic sub-lattice by thermal diffusion. If an adequate additional energy is provided to the crystalline phase by electron-irradiation, phase transformation to the amorphous phase with a higher energy state occurs. Figure 8 shows the schematic illustration of the relationship between free energy and the concept of energizing. In Fig. 8(a) , the gray-hatched area (A) is corresponding to the free energy range that an amorphous phase can occupy. The free energy of the amorphous phase is very sensitive to the liquid-to-glass transition temperature. The two different unrelaxed amorphous phases G amorphous (1) and G amorphous (2) can be defined by the kinetic glass-to-liquid transition temperature of T g(1) and T g (2) . If the liquid state was quenched at the temperature T K , the ideal glass phase would be formed. In Fig. 8(b) , the grayhatched area (B) shows the free energy range that crystalline phase can occupy. Electron-irradiation raises the energy of a crystalline phase due to introduction of lattice defects created by the electron knock-on effect. The difference in free energy between defective crystal G defective crystal (1) and G defective crystal (2) is due to the difference in the concentration of atomic defects. One should be noticed that the hatched area (A) in Fig. 8(a) overlaps the hatched-area (B) in Fig. 8(b) , and the overlaps area (C) is shown in Fig. 8(c) . In the overlapped area (C) in Fig. 8(c) , both defective crystal and an amorphous phase can be existed. C-G transition of SSA by mechanical alloying and irradiation can be explained by the phase transformation pass of (D) in Fig. 8(d) based on the concept of energizing. In contrast, electron-irradiation induced crystallization of an amorphous phase can be explained by the phase transformation pass of (E) in Fig. 8(d) based on the concept of energizing. However, the concept of energizing, namely, transformation to the higher energy state under a supply of external energy is not applicable for the thermal crystallization. We can not discuss electron-irradiation induced crystallization and thermal crystallization based one the same concept.
To understand the phase transformations between amorphous or supercooled liquid and crystalline phases, a thermodynamical model based on change in potential energy of these phases under electron-irradiation was considered. 27, 28) The phase transformation behavior in Zr 66:7 Cu 33:3 alloy in the temperature range between 103 K and 635 K was discussed by the model shown in Fig. 9 . At an acceleration voltage much higher than the threshold value for the electron knock-on effect, the atomic movement of almost all constituent elements in the irradiated area frequently occurs regardless of the structure, resulting in the mixing of constituent atoms. This phenomenon is called a ''mixing effect'' and may be effective in the formation and maintenance of a random structure in an amorphous phase and supercooled liquid. In contrast, the mixing effect is unfavorable for maintaining the crystalline structure since it destroys the original structure. Lattice defects increase under electron-irradiation and the potential energy of crystalline phases increases more effectively than an amorphous phase and supercooled liquid as dose rate increases as shown in Fig. 9(a) . The degree of increase in potential energy of crystalline phase is sensitive to the complexity of crystalline structure and irradiation temperature. The greater the complexity of the crystalline structure becomes, the more difficult is the recovery by thermal diffusion. High complexity of the crystalline structure accelerates an increase in its potential energy by electron-irradiation. The degree of the complexity of the crystal structure is thought to be proportional to size of the unit cell of the crystalline phase. As this unit cell enlarges, the number of constituent atoms in the cell increases and the configuration of the atoms becomes topologically and chemically more complicated. The volume of a unit cell of C11 b -Zr 2 Cu and f.c.c. solid solution is 0.1160 nm 3 and 0.0936 nm 3 , respectively. 17, 29) Therefore, the increase in potential energy of C11 b -Zr 2 Cu phase by electron-irradiation may be larger than that of f.c.c. solid solution because of the difference in crystalline structure. Thermal recovery in crystalline phases under electron-irradiation is closely related to both the irradiation temperature and crystalline structure, while the degree of increase in potential energy of C11 b -Zr 2 Cu phase and f.c.c. solid solution decreases with increase in this temperature. Figure 9 (b) shows a schematic illustration of electronirradiation induced C-G and C-SCL transition based on change in potential energy under irradiation. If the potential energy of a defective crystal is larger than that of an amorphous phase or supercooled liquid phase under electronirradiation, the defective crystal transforms to these phases. In contrast, electron-irradiation cannot induce C-G and C-SCL transition when the potential energy of defective crystal is lower than that of an amorphous phase and supercooled liquid under irradiation as shown in Fig. 9 (c). One can see that electron-irradiation induced crystallization of an amorphous phase and supercooled liquid can occur under electronirradiation in this case. The crystalline phase with high phase stability against electron-irradiation maintains; the original structure can be precipitated from an amorphous phase or supercooled liquid.
The electron-irradiation induced phase transformation listed in Tables 3 and 4 can be explained by the abovedescribed thermodynamic model, which is shown in Figs. 9(d) , (e) and (f). At 635 K (d), the potential energy of thermal equilibrium C11 b -Zr 2 Cu crystalline phase is the lowest between this phase, f.c.c. solid solution and supercooled liquid. Supercooled liquid transforms to C11 b -Zr 2 Cu phase under electron-irradiation as shown in index A, while phase transformation of C11 b -Zr 2 Cu phase does not occur as shown in the index B. The electron-irradiation induced phase transformation among amorphous, C11 b -Zr 2 Cu and f.c.c. solid solution at 602 K and 552 K can be explained by the index C and D in Fig. 9 (e). Further decrease in irradiation temperature, the increase in potential energy of C11 b -Zr 2 Cu and f.c.c. solid solution increases and the relationship between an amorphous and crystalline phases changes at 298 K and 103 K as shown in Fig. 9 (f). The value of potential energy is small in order of f.c.c. solid solution, amorphous, and C11 b -Zr 2 Cu phase under electron-irradiation. F.c.c. solid solution formation through electron-irradiation induced crystallization can be explained by index E. When C11 b -Zr 2 Cu is electron irradiated, C-G transition of C11 b -Zr 2 Cu phase occurs first followed by crystallization from the amorphous to f.c.c. solid solution phase, 3) which is indicated by F.
We can consider both thermal crystallization and the electron-irradiation induced phase transformation of C-G, C-SCL, G-C and SCL-C in Zr 66:7 Cu 33:3 based one the concept of ''decrease in potential energy'' without any contradiction by the thermodynamical model shown in Fig. 9 .
Conclusions
In the present study, electron-irradiation induced phase transformation among supercooled liquid, amorphous and thermal equilibrium C11 b -Zr 2 Cu crystalline phase was investigated. The results were summarized and the following conclusions were reached:
(1) An amorphous phase and supercooled liquid were not stable under electron-irradiation at a temperature at and above 552 K. Electron-irradiation induced crystallization occurred and C11 b -Zr 2 Cu crystalline phase precipitated from these phases in the central area of electron-irradiation. No difference in phase selection between electron-irradiation induced crystallization and thermal crystallization was observed. (2) Crystal-to-glass and crystal-to-supercooled liquid transitions of C11 b -Zr 2 Cu crystalline phase were not observed at temperatures at and above 552 K. (3) The phase stability of crystalline phase against electronirradiation is the dominant factor of phase selection in electron-irradiation induced crystallization. High phase stability of C11 b -Zr 2 Cu crystalline phase against electron-irradiation is the origin of precipitation of this phase under electron-irradiation at temperatures at and above 552 K. (4) The size of crystalline precipitates formed through electron-irradiation induced crystallization decreases with decreasing the irradiation temperature.
